INTRODUCTION
served. Especially the relaxation from n 7 to n 10 has been extensively studied in the previous experiments. The fast This contribution is based on investigations of hot bands V-V transfer from n 7 to n 10 , reported by Dam et al. (3) , in ethylene (C 2 H 4 ) which were initiated by Dam et al. some is observed again; strong Coriolis interactions between n 4 , six years ago. After their work on the strong n 10 / n 9 0 n 10 n 7 , and n 10 (4, 5) are held responsible for this observation. hot band (1) we found also the weak nearby lying n 7 / n 9 In this work a somewhat different pump process has been 0 n 7 hot band (2) . The techniques used in previous experi-applied exploiting vibrational energy transfer from n 3 -exments relied strongly on the possibility to resonantly pump cited SF 6 to C 2 H 4 as explained in the Experimental section. some rotational levels of the n 7 mode with a CO 2 laser. The This method allows ethylene molecules of all four nuclear hot bands were then probed with the continuously tunable spin symmetry species to be excited simultaneously. Characradiation from an F-center laser operating around 3100 cm 01 . teristic population differences observed for this technique The n 9 vibration, used to produce the hot bands in these and for the more conventional technique applied in previous investigations, is the C{H stretching motion with its transi-studies (1, 2) led to the identification of the weak hot band tion dipole moment in the plane of the molecule perpendicu-starting from n 7 . lar to the C|C axis. Since ethylene is a nearly prolate In addition to the rotationally cooled jet spectra, Fourier symmetric rotor, the n 9 fundamental and its hot bands appear transform infrared (FTIR) spectra, recorded in Giessen, have as b-type bands.
been used in this analysis. Based on the preliminary assignThe ethylene spectrum in the 3000 cm 01 region is domi-ments for low quantum numbers obtained from the jet specnated by the strong absorptions due to the n 11 C{H stretch-tra, it has been possible to recognize the hot bands in the ing mode with its transition dipole moment parallel to the congested FTIR spectra and to extend the analysis to higher C|C axis. This gives rise to an a-type band which resem-J, K values. Thus, the double resonance spectra and the bles a parallel band in the symmetric rotor limit. The hot FTIR spectra yield complementary information. bands presented here have the same lower states as in the studies mentioned above; however, now we add a quantum
EXPERIMENTAL CONSIDERATIONS
of n 11 to reach the upper hot band levels. Thus, the hot bands under study in this work are a-type bands.
Molecular Jet Double Resonance Spectra
Relaxation processes, occurring between pump and probe laser interaction with the molecules, strongly affect the popuThe experimental jet apparatus has been described in detail elsewhere (2) . Briefly, an IR-IR pump-probe techlations in the lower states of the hot bands and thus influence the intensities with which the different hot bands are ob-nique has been applied to a planar seeded molecular jet THE ETHYLENE HOT BAND SPECTRUM 237 expansion. A cw CO 2 waveguide laser, in combination with pump transition appear strongly enhanced as compared to spectra where other pump transitions are used. This labeling a waveguide amplifier generating an output power of around 10 W, is used as pump laser. A computer controlled single method has been applied to identify several transitions belonging to the weak n 7 / n 11 0 n 7 hot band. Excerpts of mode scanning F-center laser (FCL) is employed as probe laser. Through modulation of the pump beam and phase the spectrum have been rescanned with the CO 2 laser tuned to a resonance with an ethylene n 7 transition and the specsensitive detection of the probe beam, a hot band spectrum against zero background is obtained. Applying this technique trum has been compared to the spectrum obtained from excitation through SF 6 . As can be seen in Fig. 2 , this labeling one basically records the changes in FCL absorption by the jet, induced by the CO 2 laser. These changes may be positive technique allows a number of n 7 / n 11 0 n 7 transitions to be assigned with great certainty. On the base of these initial or negative depending on whether the lower state of the probe transition is populated (hot band) or depleted (funda-assignments it has been rather straightforward to assign the entire spectrum. mental), respectively, by the pump laser.
In contrast to our previous double resonance hot band studies on ethylene (1, 2) , the lower states of the hot bands 2.2. FTIR Spectra have been populated in collisions with excited SF 6 molecules. To that end, a one-to-one mixture of SF 6 and C 2 H 4 , Applying a long path absorption cell at ambient temperature (295 K) and a heated single pass cell at 417 K, two seeded in Ar, has been expanded and the CO 2 laser has been tuned to a resonance in SF 6 (n 3 R(28)A 2 (0) at 10P14 / 18 different sets of data were taken to characterize hot band transitions of ethylene in the 3 mm region by high resolution MHz (7)). This indirect excitation scheme has been successfully applied by us before in hot band studies of some small Fourier transform spectroscopy. The former setup yielded a better separation between the weak hot band lines and the hydrocarbons lacking molecular transitions coinciding with CO 2 laser frequencies, see, e.g., Refs. (8, 9) . Although ethyl-strong fundamental transitions due to smaller Doppler linewidths, whereas the latter provided a favorable Boltzmann ene possesses several such coincidences, we have nevertheless chosen for the indirect excitation method since it allows factor for higher levels along with the disadvantage of line broadening and increased spectral congestion. us to excite equally and simultaneously rovibrational levels belonging to all four nuclear spin symmetry species. When
The long path absorption measurements were carried out with a stainless steel multi-reflection White-type cell with pumping directly one rovibrational level in ethylene, belonging to one of the four symmetries (A, B 1 , B 2 and B 3 ), the gold-coated mirrors (10). The cell was placed between the parallel exit port of the interferometer and the detector chamsymmetry of the excited level will be largely conserved in the collisional relaxation processes (1, 2) . Thus, only one ber using an evacuated optical transfer system. The mirrors were adjusted to pathlengths of 16, 48, and 256 m. These fourth of all rotational levels in the vibrationally excited states are populated and a subsequently recorded hot band long absorption paths rendered optical densities in the range 140-27 100 Parm at sample pressures in the sub-hPa regime spectrum contains one fourth of all lines in the spectrum. This would mean that, in order to obtain a complete hot to avoid significant contributions to the spectral linewidth caused by pressure broadening. band spectrum, one would have to record the spectrum four times using four different pump transitions, each reaching a Spectra of hot ethylene samples were measured with a 3.02-m-long homebuilt electrically heated borosilicate glass rovibrational level belonging to one of the symmetries. Apart from the problem that this method requires much more work cell (11). Two spectra were recorded at optical densities of 90 and 800 Parm, respectively. Spatial and temporal to be done, it is not possible to access each of the symmetries due to the lack of adequate CO 2 laser coincidences (2) . temperature fluctuations were computer controlled to remain within 1 K, using 16 Ni-NiCr thermocouples. The drawback that exciting through SF 6 diffuses the energy over four times more levels is compensated by the In all cases, Doppler limited spectra were recorded with a BRUKER IFS 120 HR at an unapodized instrumental resolarger absorption cross section of SF 6 as compared to C 2 H 4 , allowing more energy to be pumped into the jet. No symme-lution of 0.0043 cm 01 (MOPD 01 ). Up to 600 individual scans were coadded and ratioed against the spectra of the try propensities have been observed in the SF 6 r C 2 H 4 vibrational energy transfer so that a truly complete hot band spec-empty cells that had been recorded at low resolution (0.1 cm 01 ) and posttransform zero-filled. The optical components trum is obtained as presented in Fig. 1 .
A definite advantage of the direct pump scheme, however, of the present experimental setup included a tungsten lamp as light source, a Si:CaF 2 beamsplitter, a broad band interferis that it may greatly simplify the assignment of complicated hot bands as the spectrum contains less lines which can be ence filter (900 cm 01 FWHM), wedged CaF 2 cell windows, and a photovoltaic InSb device as detector. assigned to transitions starting from levels with one known symmetry. Especially those hot band transitions starting
In order to calibrate the spectra we determined the line positions of OCS which were recorded either separately unfrom the rovibrational level which is the upper level of the OOMENS ET AL.
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FIG. 1.
Hot band (positive) and fundamental (negative) spectrum as observed in the molecular jet. The P, Q, and R branches can be clearly recognized for the n 11 0 GS and n 10 / n 11 0 n 10 transitions. The many weak lines appearing in the hot band spectrum are due to hot bands starting from higher vibrational levels, among which the n 7 mode. der identical experimental conditions or simultaneously as a gested than the FTIR spectra. In addition, in the double resonance spectra hot band and fundamental transitions can small admixture to the ethylene sample. The correspondence be distinguished immediately. As an example, the Q-branch between literature values (12) and observed line positions regions in the two spectra are displayed in Fig. 3 . yielded the calibration factor by a linear regression proceThe strong n 10 / n 11 0 n 10 hot band can be easily recogdure. The standard deviation of the calibrated experimental nized in the spectrum (Fig. 1) . With the aid of lower state line positions from their literature values was found to be combination differences (LSCDs) based on the rotational smaller than 3 1 10 05 cm 01 . constants given in Ref. (6) , a good assignment has been The ethylene sample with a specified purity of 99.7% was obtained for J £ 15, K £ 5. Nearly 200 lines have thus purchased from Merck-Schuchardt and was used without been assigned to the hot band from n 10 . Based on these further purification. All pressures were continuously checked assignments a spectrum was calculated in the form of so by capacitance gauges (MKS baratron and Leybold, full called Nakagawa diagrams (13), which revealed the hot scale 10 hPa).
band in the FTIR spectrum where new lines with higher The four room temperature FTIR spectra recorded at difquantum numbers could be identified (J £ 22, K £ 9). ferent pressure-pathlength products have been merged into The n 7 / n 11 0 n 7 hot band appears much weaker in the one spectrum with a large dynamic range of intensities. This spectrum due to the lower populations in n 7 ; an obvious method allows both very strong and very weak absorptions assignment, as in the case of the hot band from n 10 , could with a good signal to noise ratio to be observed in one not be found. However, five transitions were definitely idenspectrum. The intensities obtained from this procedure comtified by applying the labeling technique described in the pare well to calculated intensities. For the two spectra reprevious section; these transitions are listed in Table 1 . Based corded at elevated temperatures, an identical procedure has on these few assigned lines, rotational constants for the n 7 been applied.
/ n 11 state and the band origin have been estimated. A spectrum calculated from these estimates and the LSCDs for
SPECTRAL ASSIGNMENT AND ANALYSIS
the n 7 state (6) allowed the assignment of approximately 80 weak features in the jet spectrum to the n 7 / n 11 0 n 7 hot 3.1. Methodology band. Again, comparing the preliminary calculations to the Initially, assignments have been obtained from the rota-FTIR spectrum revealed many new lines mainly with higher rotational quantum numbers. tionally cooled molecular jet spectra, which are less con-
Some previously proposed perturbations (1) have been found not to be in accordance with the present, more accurate data (15).
The procedures used to identify a number of perturbing states in the spectrum are quite similar to those applied previously in our studies of the n 9 / n 10 level (1) and of the n 7 / n 9 level (2). The method is merely based on trial and error; first, a list of possible perturbers with their estimated parameters (14, 15) is generated. For each observed perturbation in the spectrum, several possible perturbers and interaction mechanisms are checked with their effects, if any, on other K stacks. Finally, the best candidate is introduced in the least squares fit where usually the rotational constants are constrained to their estimated values whereas the band center and the interaction strength are free parameters. If the perturber fails to produce the observed effects, a different perturbing state has been assumed.
3.2.
Analysis of the n 7 / n 11 and n 9 / n 10 States Since the n 7 / n 11 and n 9 / n 10 states are very closely spaced and are in b-type Coriolis interaction, a simultaneous fit of their rotational levels has been performed. The results of this fit are given in Tables 2 and 3 and the rovibrational   FIG. 2 . Two lines belonging to the n 7 / n 11 0 n 7 hot band identified levels are listed in Table 4 . Figure 4 shows the rovibrational by labeling the lower rovibrational level of the transition with the CO 2 energy levels at low K of the bright and dark states considlaser. The lower trace shows the spectrum as obtained when pumping via SF 6 ; in the upper trace the labeling technique, as described in the text, is ered in this analysis as determined from the parameters in applied. The fat arrow indicates the transition starting from the labeled Tables 2 and 3. level. In addition it can be seen that n 10 / n 11 0 n 10 transitions starting From the newly observed n 7 / n 11 level, one can directly from levels with the symmetry of the pumped level are enhanced.
conclude that the perturber affecting the 1 / , 2 0 , and 3 / series 1 of n 9 / n 10 had been wrongly identified as n 7 / n 11 in Ref. (1); for instance, the band center determined for the The lower states of the hot bands investigated here are perturber does not match the value obtained from the n 7 / known to high accuracy (5, 6) . From the estimated parame-n 11 0 n 7 spectrum. The only alternative possibility for a bters of the upper states (14, 15) it is possible to calculate type Coriolis interaction is the n 3 / n 8 / 2n 10 level. The their energy levels to good approximation. This calculated introduction of this level permits one to explain perturbations spectrum is then compared to the experimental spectrum in the 1 / , 2 0 , 2 / , and 3 / series of n 9 / n 10 by b-type with the use of Nakagawa diagrams (13). From these dia-Coriolis interaction with the 0 / , 1 0 , 1 / , and 2 / series of grams, the corrections that need to be added to the calculated n 3 / n 8 / 2n 10 , respectively. As can be seen from the obs energies can easily be determined; in addition an uncertainty 0 calc column of Table 4 the observed cut in the 2 0 series is assigned to each level individually. Such a set of data has at J Å 12 is well reproduced in the calculated spectrum. been prepared for all the bands studied and they were used
The push-up of rotational energy levels in the 1 / stack as input for the fitting procedures.
of n 9 / n 10 at low J values, which remained unexplained in In order to predict the band origins of vibrational states Ref. (1) , is due to a b-type Coriolis interaction with the 0 / suspected to perturb the bright states studied here, recently series of n 7 / n 11 , where the opposite effect is observed, a reported ab initio anharmonicity constants for ethylene (15) push-down at low J values. The interaction parameter has have been taken into account. The predictions agree with the experimental data within a few wavenumbers except 1 The standard notation for the K series of a nearly prolate asymmetric for levels perturbed by anharmonic resonances, where the top has been used here, i.e., K accuracy of the predictions remains better than 10 cm 01 .
FIG. 3.
The Q branch region in the jet spectrum and in the FTIR spectrum. The sub-K branches of n 10 / n 11 0 n 10 (n 7 / n 11 0 n 7 ) are indicated with large (small) numbers. Fundamental transitions in FTIR spectrum ( l) can be easily recognized by comparing the two traces.
been determined to be j b Å 0.04890(90) cm 01 , which is its 2 0 series at J Å 9-11 can be explained by assuming a b-type Coriolis interaction with the 1 0 series of the n 6 / n 7 reasonable for a third order Coriolis interaction.
A local perturbation between J Å 8 and 9 is observed in / n 8 / n 10 state. A quite similar effect is observed between the n 10 / n 11 and n 6 / n 8 / 2n 10 states as will be discussed the 2 / series of n 9 / n 10 which we believe to be due to a crossing with the 1 0 series of the 3n 10 / n 12 level. This in the next section. The push-down of the K a Å 4 stack of n 9 / n 10 has been assumption is supported by the observed push-up of the 3 0 previously attributed to an anharmonic interaction with 2n 4 series of the n 9 / n 10 state, caused by the 2 / series of / 2n 8 (1) . However, the improved predictions of the band 3n 10 / n 12 . A c-type Coriolis interaction has therefore been origins (15) show that this state is located too far from n 9 introduced in the analysis. The position of this dark state is / n 10 to produce the observed effects. The expected parameconfirmed by several observed crossings with the n 7 / n 11 ters of n 6 / n 7 / n 8 / n 10 place this level too high to explain causing local perturbations due to a-type Coriolis interaction. the effects, in accordance with the fact that no interaction The 1 / , 2 / , and 3 / series of n 7 / n 11 are crossed by the was observed between n 9 and n 6 / n 7 / n 8 (16). Moreover, 1 0 , 2 0 , and 3 0 series of 3n 10 / n 12 at J É 11, 13, and 16, the push-down slightly increases at J Å 4 to 6 and decreases respectively. at higher J values; such particular behavior can be explained A small perturbation in the n 7 / n 11 state pushing down by assuming a b-type Coriolis interaction with n 1 / n 8 . The K a Å 3 levels of n 1 / n 8 and the K a Å 4 levels of n 9 / n 10
TABLE 1
closely approach each other at J Å 4; although the interaction Transitions of the n 7 / n 11 0 n 7 Hot Band term increases at higher J values, the energy separation inIdentified through Direct Labeling of the creases as well, giving rise to the observed J dependence.
Lower State with the Pump Laser
While at low J values the perturbations in the K a Å 4 stack of n 9 / n 10 have been explained in the previous paragraph, the high J values appear to be pushed up; the opposite effect, a push-down, is observed at high J values in the K a Å 5 series. Such an effect is typically observed when the K a Å 5 and 6 series of a perturber in b-or c-type Coriolis interaction are placed around the K a Å 4 and 5 series of the bright state. Since the effect appears to be stronger on K a Å Note. Transitions marked with an asterisk are displayed in Fig. 2. 4, the K a Å 5 and 6 series of the perturber are placed slightly Note. The uncertainty is indicated in parentheses in units of the last digit quoted; where no uncertainty has been given, the value was kept fixed to its estimated value. All values in cm 01 . All H JK , H KJ , h J , h JK , and h K parameters were fixed to their ground state values ( 6) .
asymmetrical around the K a Å 4 and 5 series of n 9 / n 10 , observed at J Å 9, 10, and 11 in the 0 / (0.002, 00.006, and 00.001 cm 01 , respectively) are perfectly reproduced by locating the band center of the perturber approximately 37 cm 01 below the n 9 / n 10 level. Being similar to the interac-this interaction. tion between the n 9 fundamental and the n 2 / n 12 level (16), we have identified the perturber as n 2 / n 10 / n 12 which is 3.3. Analysis of the n 10 / n 11 State in c-type Coriolis interaction with n 9 / n 10 . Additionally, the 3 0 series of this perturber crosses the 0 / series of n 9 / Comparing the Q branch of the n 10 / n 11 0 n 10 hot band with that of the n 11 fundamental band, one notices that the n 10 and coupling is possible through c-type Coriolis interaction with the 2 / series of n 9 / n 10 and DK Å 2 asymmetry sub-K branches are much wider spaced in the hot band indicating a larger change in the rotational A constant. Upon terms coupling the 2 / and 0 / stacks. The small perturbations
TABLE 3 Interaction Parameters Determined from the Fits of Rovibrational Energy
Levels of n 7 / n 11 , n 10 / n 11 and n 9 / n 10 TABLE 4 Rotational Energy Levels Used in the Simultaneous Fit of the n 7 / n 11 and n 9 / n 10 States
Note. Residuals and uncertainties in 10 04 cm 01 . Levels with uncertainty equal to zero were not included in the fit. 
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FIG. 4.
Rovibrational energy levels of the n 9 / n 10 , n 7 / n 11 and interacting dark states identified in this analysis as determined from the parameters listed in Tables 2 and 3 . The largest contribution to the slope has been subtracted for clarity. Where interacting levels cross, the shifts of the energy levels are clearly visible. The different vibrational states are identified in the legend where, e.g., 381010 is to be read as n 3 / n 8 / 2n 10 .
FIG. 5.
Plot of the subband origins versus K 2 for the n 11 fundamental and the n 10 / n 11 0 n 10 hot band. The slope for the fundamental is determined by the change in rotational A constant upon going from lower to upper state. For the hot band, the deviation from a straight line (dashed) is due to the a-type Coriolis interaction with n 8 / 2n 12 . closer inspection, it can be seen that each K stack of the n 10 a more local effect. Due to the large value of the interaction parameter and the small spacing between bright and dark / n 11 level is pushed down, which indicates a global effect due to an anharmonic or an a-type Coriolis interaction. In states at J Å 5, the dark state borrows intensity from the bright state by transfer of transition dipole moment. Indeed, Fig. 5 the spacing of the sub-K branches in n 11 and in n 10 / n 11 are compared; apart from the larger change in A con-in the jet spectrum two strong unassigned lines have been stant for the hot band, determining the slope, the effect of found at 2992.1493 and 2971.4274 cm 01 belonging to the the interaction is reflected in the deviation from the straight (5, 1, 5) R (4, 1, 3) and (5, 1, 5) R (6, 1, 5) transitions, line. In order to produce the observed global effect, the respectively, of the n 8 / 2n 12 0 n 10 band. Another crossing perturber must be located just above the n 10 / n 11 state and between n 10 / n 11 and n 8 / 2n 12 causing a local effect occurs possess an A constant not too different so that the K stacks near J Å 12 in their 2 / and 2 0 series, respectively. of the two states are roughly parallel. We propose as per-A second local perturbation is observed in the 2 0 series turber the n 8 / 2n 12 level which is in a-type Coriolis interac-of n 10 / n 11 where a crossing appears between J Å 9 and tion with n 10 / n 11 . For an a-type Coriolis perturbation, the 10. This effect can be well explained by assuming a 3rd interaction term W is proportional to K and the resulting order b-type Coriolis interaction with the 1 0 series of n 6 / shifts of the energy levels can be developed according to n 8 / 2n 10 Table 5 . Toward increases with K.
high J values, the 2 0 series is less accurately reproduced; In addition to the global effect, the 1 0 series of the n 8 / 2n 12 level crosses the 1 / series of n 10 / n 11 at J Å 5 causing the (13, 1, 13) and (17, 4, 14) levels deviate significantly (00.004 and 00.008 cm 01 , respectively) from their ex-n 10 hot band has been reanalyzed and the b-type Coriolis pected positions and have therefore been excluded from the interaction between n 7 / n 11 and n 9 / n 10 has been identified. fit. It is not possible to decide which dark states are responsi-Several dark state interactions have been included in the ble for these very local perturbations. least squares fits thus obtaining accurate spectroscopic data The K Å 9 stack is clearly pushed down and the shift in-on certain dark states. creases with J. The effect is probably due to a b-or c-type
The density of background states near 4000 cm 01 in ethylCoriolis interaction with an unidentified perturber. The entire ene is still low enough to allow individual identification of K Å 9 stack has therefore been excluded from the fit except the perturbers affecting the spectra of the bright states under for the first level (9, 9, 0), where the shift is minimal, in order study here. The relatively low density of states is due to the to obtain a good estimate of the H K parameter (see Table 2 ). rather high mode energy of the lowest fundamental, n 10 at
The parameters obtained from the fit are in agreement 826 cm 01 . with the expected values (14, 15) except for d J and d K (see The double resonance technique applied in the jet experi- Table 2 ); this is probably due to an unidentified resonance ments has been fully exploited in the identification of the perturbing the K a Å 2, 3, 4, and 5 series at high J.
hot band starting from n 7 , which appears approximately ten times weaker than the n 10 / n 11 0 n 10 hot band. The assign-
CONCLUDING REMARKS
ment of this weak hot band has been established on the basis of a few transitions of which the lower level was directly In this contribution we have presented two new hot bands of ethylene. In addition, the previously reported n 9 / n 10 0 accessed and thus labeled by the CO 2 laser. Subsequently, tion for fundamental research on matter (FOM) and has been carried out Note added in proof. In this paper we have adopted Herzberg's convention for x, y, and z axes of the molecule (18) defining the symmetry and thus the numbering of vibrational modes. However, the editor of this journal has pointed out to us the new IUPAC's recommendations (19) based on Mulliken's notation (20) . The difference lies in the interchange of the x and z axes leading to the interchange of B 1 and B 3 symmetry species. Renumbering the vibrations accordingly yields the correlation given in Table 6 . We greatly appreciate the discussions on these points with Dr. A. J. Merer and Dr. I. M. Mills.
